Purpose The purpose of this study was to develop a population pharmacokinetic (PK) model for 3-AP, to evaluate the eVect of ABCB1 polymorphisms on the pharmacokinetic proWle of 3-AP, and to assess the relationship between 3AP disposition and patient covariates. Methods A total of 40 patients with advanced cancer from two phase 1 studies were included in the population PK model building. Patients received 3-AP 25-105 mg/m 2 IV on day 1. 3-AP plasma and erythrocyte levels were sampled at 10 timepoints over a 24-h period and measured by a validated HPLC method. Data were analyzed by a nonlinear mixed-eVects modeling approach using the NONMEM system.
Introduction
3-Aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP, Triapine ® , Vion Pharmaceuticals, Inc., New Haven, CT) is a novel small molecule inhibitor of the M2 metal binding site of ribonucleotide reductase (RR) in development as an anticancer agent [1, 2] . 3-AP has been evaluated in a number of phase I and II clinical trials for a variety of malignancies as both a single agent and in combination with other cytotoxic agents [3] [4] [5] [6] [7] [8] [9] demonstrating promising activity in hematological malignancies [8, 9] as well as melanoma and prostate cancer [4] , however, its development as an anticancer agent has been limited by toxicity. Currently, little is known about the pharmacokinetics of 3-AP and a better understanding may help guide future drug development.
Toxicities of 3-AP are similar to those seen with other cytotoxic chemotherapy agents and include neutropenia, thrombocytopenia, anemia, fatigue, nausea, and diarrhea and appear dose related [3] [4] [5] [6] [7] [8] [9] . 3-AP may also cause methemoglobinemia, which can be severe in subjects with G6PD deWciency [10, 11] , however, even in trials of 3-AP where G6PD deWcient patients were excluded, methemoglobinemia has been reported [4, 7, 12] .
p-glycoprotein (pgp) is a 170-to 180-kDa plasma membrane-associated protein and the product of the multidrug resistance (ABCB1) gene [13] . Rappa and colleagues [14] demonstrated in vitro that the presence of the ABCB1 gene makes cells 2-3 fold more resistant to 3-AP, suggesting that 3-AP is a substrate for pgp. Several common polymorphisms in the ABCB1 gene are associated with decreased pgp activity and our hypothesis was that individuals with ABCB1 variants associated with decreased pgp activity may have altered pharmacokinetics of 3-AP.
The purpose of this study was to estimate the population pharmacokinetic parameters of 3-AP and to describe the relationship between patient-speciWc covariates, including age, gender, weight, performance status, body surface area, concurrent chemotherapy, ABCB1 genotype, cycles of chemotherapy received and toxicity.
Methods

Patients
A total of 40 patients with advanced stage primary or metastatic tumors from two phase 1 studies were included in the population PK model building.
Study design
The phase 1 studies have been described in detail [15, 16] . Patients received escalating doses of 3-AP and concurrent chemotherapy with either irinotecan or doxorubicin, which is described in Table 1 . For both studies, 3-AP was supplied by Vion Pharmaceuticals, Inc., and distributed by the Cancer Therapy Evaluation Program, the Division of Cancer Treatment and Diagnosis, National Cancer Institute. Blood samples were collected on Day 1 of Cycle 1 at preinfusion, 1-2 min just before the end of the infusion, and at 10, 20, 30, 45 min and 1, 2, 4.5, 6, 8, 10, and 22 h after the end of the infusion.
All patients were required to have Eastern Cooperative Oncology Group performance status of 0-2; adequate bone marrow (WBC > 3,000/ l, absolute neutrophil count > 1,500/ l, platelet > 100,000/ l); adequate hepatic function (total bilirubin within institutional normal limit and alanine aminotransferase, ·2.5 £ the institutional upper limit of normal); adequate renal function (creatinine · 1.5 mg/dl or measured creatinine clearance ¸60 ml/min/1.73m 2 for patients with creatinine levels about institutional normal); an LVEF > 45%; no G6PD deWciency and life expectancy greater than 12 weeks. Patients receiving irinotecan were required to be heterozygous or wild-type for UGT1A1. Since all patients had essentially normal hepatic, renal, cardiac and hematologic function at study entry, these variables were not modeled as covariates. Adverse events were evaluated using the National Cancer Institute Common Toxicity Criteria, version 3.0 guidelines. The determination of antitumor eYcacy was based on objective tumor assessments made according to RECIST. Imaging-based tumor assessments were performed at baseline and were repeated after two cycles. The dose escalation scheme is shown in Table 1 and baseline demographics are shown in Table 2 .
Analytical procedure HPLC with UV detection was used to analyze the serum and erythrocyte samples for 3-AP concentrations as previously described by Murren [17] . A Spectra Physics P2000 HPLC system was used. Chromatographic separation was achieved using a Supelco Discovery C18 column (5 M, 250 mm £ 4.6 mm; Supelco, St. Louis, MO) with detection at 400 nm. Plasma or erythrocyte samples (0.5 ml) were extracted with 1.0 ml of methanol (containing 4 mM EDTA). After centrifugation, the extract was concentrated to dryness and was reconstituted with 0.25 ml of a solvent consisting of 10% acetonitrile and 90% mobile Phase A [20 mM potassium phosphate buVer, 15 mM 1-heptanesulfonic acid, and 1 mM EDTA (pH 3.0)]. The reconstituted solution sample (30 l) was then injected into the HPLC system. External calibration standards were prepared in pooled control human plasma and were processed identically to test samples. The validated assay is linear over 0.02-10 g/ml for plasma (r 2 = 0.99), with an intraday variability ranging from a coeYcient of variation (CV) of 0.41-3.4% and an inter-day variability ranging from a CV of 2.60-5.5%. The lower limit of quantitation was 0.078 g/ml with an absolute recovery from plasma of 92%.
Genotyping procedure
Pyrosequencing assays for the common ABCB1 polymorphisms C1236T, G2677T/A and C3435T [18] were developed. Samples were collected at baseline in a DNA Paxgene tube (Quiagen,Valencia, CA), and DNA was extracted as recommended by the manufacturer.
PCR ampliWcation
SpeciWc oligonucleotide primers for ampliWcation by PCR of ABCB1 gene fragments from genomic DNA were derived from known sequences [GenBank accession no: AC005068] using Primer3 (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi). PCR for pyrosequencing was performed in 40 l reactions containing 20 l PCR Master Mix (Promega, Madison, WI), 10 pmol forward and reverse primer (IDT Technology, Coraville, IA), 14 l of nucleasefree water and 10-100 ng of genomic DNA. PCR ampliWcation was performed under the following conditions: initial denaturation at 95°C for 5 min, 50 cycles of denaturation at 95°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 30 s, followed by a Wnal extension step at 72°C for 5 min.
Pyrosequencing
The Pyrosequencing primers were designed using SNP Primer Design Software Version 1.01 (http://www. pyrosequencing.com). BrieXy, 35 l of biotinylated PCR product was immobilized on strep-avidin-coated Sepharose beads (Amersham Biosciences, Piscataway, NJ) with binding buVer (10 mmol/l Tris-HCl, 2 mol/l NaCl, 1 mmol/l EDTA, and 0.1% Tween 20, pH 7.6). After room temperature incubation with constant agitation for 10 min, the strands were separated and treated with 70% ethanol, denaturation solution (0.2 mol/l NaOH) and washing buVer (10 mmol/l Tris-Acetate, pH 7.6). The beads, containing the biotinylated template, were released into wells with a 40 l mixture of annealing buVer (20 mmol/l Tris-Acetate, 2 mmol/l Magnesium Acetate Tetrahydrate, pH 7.6) and 21 pmol of sequencing primer (IDT Technology, Coraville, IA). Incubation was carried out at 80°C for 2 min. Genotyping was subsequently performed using a PSQ 96 SNP Reagent Kit and PSQ 96MA system (Biotage AB, Uppsala, Sweden). Genotypes were resolved on the basis of peak height measurements using PSQ96 SNP Software, version 1.2 AQ. Subjects were categorized as wild-type, heterozygote or variant.
Population pharmacokinetic model development
Data were analyzed by a nonlinear mixed-eVects modeling approach using the NONMEM system (Version VI, NON-MEM Project Group, UCSF/Globomax and PDx-Pop Version 3.1). Xpose4 and S-PLUS (Insightful Corp, Seattle, Washington) were used for goodness-of-Wt assessment and model evaluation. A 3-compartment model with Wrst-order elimination was used (subroutine ADVAN11 TRANS 4) as described in Fig. 1 . The central compartment was associated with plasma concentrations and one of the peripheral compartments was associated with erythrocyte concentrations. Both plasma and erythrocyte concentrations were simultaneously analyzed in the single model.
The pharmacokinetic parameters obtained from the model were clearance from compartment 1(CL1), clearance from compartment 2 (CL2), clearance from compartment 3 Patient-speciWc covariates were tested by improving the goodness of Wt assessed by the likelihood ratio test and visual inspection of diagnostic plots. The likelihood ratio test was used to assess the signiWcance of a covariate in the model. A decrease in the objective function value (OFV) of at least 3.8 ( 2 , P · 0.05, df = 1) was considered signiWcant for adding a single covariate into the model. The standard backward elimination step was ultimately not applied in this analysis due to only identifying two covariates that inXuenced the parameters.
The Wrst-order conditional estimation method with interaction (FOCE-I) was used for all analyses. Between-subject variabilities were modeled under the assumption of lognormally distributed parameters. Residual unexplained variability was explored using combinations of additive and proportional models, and allowing for distinct error structures for plasma and erythrocyte concentrations.
A model qualiWcation step was implemented using a visual predictive check for the plasma and erythrocyte compartments separately. Using the parameters of the Wnal model, 100 individuals were simulated using a parametric bootstrap approach. The plasma and erythrocyte concentrations for each were simulated and the median, 5th and 95th quantiles were calculated.
Results
3-AP pharmacokinetics
A total of 398 plasma concentrations and 392 erythrocytes concentrations from 40 subjects were available for analysis. Baseline demographic characteristics and genotyping results for patients included in this analysis are described in Table 2 . Only variables considered as potential covariates for developing the population pharmacokinetic model are included.
All model parameters estimates and their relative standard errors are described in Table 3 . Plots of the observed concentration versus time for plasma and erythrocyte pools are presented in Fig. 2 . Observed versus predicted concentrations for plasma and erythrocyte compartments are presented in Fig. 3 . These Wgures demonstrate the model was adequate to describe the data. Other diagnostic plots including weighted residuals versus time and versus prediction were examined and evaluated to be acceptable (Wgures not shown). 
Variance model
As is commonly the case in data sets with relatively small numbers of subjects, between-subject variabilities could not be determined on all PK parameters. That does not mean variability does not exist in all parameters, but that the data are simply insuYcient to uniquely identify all the sources of between-subject variability. The identiWed between-subject variability in CL, V1 and V2 were all moderate (see Table 3 ) and within a range that would be expected from a drug with these PK characteristics. A combined additive and proportional error model was found to be appropriate to describe the observed concentrations. Additionally, it was not necessary to model residual variability separately for observations in the plasma and erythrocyte compartments. The visual predictive checks of the plasma (upper panel) and erythrocyte (lower panel) compartments, presented in Fig. 2 , are adequate to support the Wnal model and parameter estimates. The dashed line represents the median of the simulated data and the solid lines deWne the 5th and 95th quantiles of the simulated data. Ideally, the 50th quantile should fall in the center of the data, with approximately 5% of the observed data falling above the 95th quantile and 5% below. For the plasma data, 9.9% falls outside of the 5th to 95th quantiles, and 12.6% of the erythrocyte concentrations are outside of the range. While both of these values are reasonable and the median is centered within the data, there is a slight tendency noted to underpredict concentrations relative to the observed values. This could result from an inadequate PK model, a slight bias in a PK parameters or a variance structure that is not most appropriately deWned as a log-normal distribution. Given the very small deviations that are observed in the predictive check, it was not considered worth pursuing alternative model speciWcations.
Discussion
As the development of 3-AP has been limited by toxicity, our primary purpose was to determine if toxicity was associated with pharmacokinetic parameters. We identiWed a relationship between CL and the number cycles the patient received, where a signiWcantly reduced clearance was associated with patients who stopped therapy after receiving only one cycle of chemotherapy. This 32% decrease in CL is a population-based Wnding and was found irrespective of which starting dose a patient received. Overall, eight patients went oV study after only one cycle of therapy. Of these eight patients, four experienced dose limiting toxicities and three others discontinued therapy because of toxicity that was not deWned as dose limiting. Only one patient discontinued therapy for progressive disease, which was based on physician and patient judgement and did not meet RECIST criteria. It is important to point out that this evaluation provides an association and does not determine a cause-and-eVect relationship. It is unlikely that stopping therapy after one cycle causes a decrease in clearance. Nonetheless, if a patient had to terminate therapy after one cycle, they tended to have lower 3-AP clearance. The mechanism of reduced clearance is unknown. A polymorphism in ABCB1 is not the likely explanation as these polymorphisms did not contribute to pharmacokinetic variability. However, a larger controlled clinical trial powered to detect an appropriate diVerence would be necessary to demonstrate that Wnding. Reduced renal and hepatic functions are also not explanations, as normal and renal and hepatic functions were required for study entry. A potential explanation may be variable intracellular binding of 3-AP to ribonucleotide reductase and changes in intracellular clearance [21] .
Prior investigations have demonstrated that ABCB1 genotype was predictive of both outcome [19] and toxicity [19, 20] , in patients treated with 3-AP and an in vitro evaluation suggested 3-AP was a substrate for p-glycoprotein [14] . We therefore hypothesized individuals with variant genotypes had altered pharmacokinetics and evaluated this relationship in the current study, showing the ABCB1 genotype did not inXuence 3-AP pharmacokinetic parameters. While some studies have shown a pharmacokinetic relationship between ABCB1 genotype and plasma concentrations, a number of studies have failed to demonstrate a relationship [22] . This may be explained by the wide and variable distribution of ABCB1 including the blood brain barrier, GI tract, liver and tumor cells, all of which may distribute 3-AP back to a central compartment in a variable manner, resulting in no consistent PK relationship between ABCB1 genotype and 3-AP plasma concentrations. BSA was not identiWed as a signiWcant covariate for any 3-AP PK parameter. While BSA-based dosing is widely used in oncology and generally believed to reduce inter-individual pharmacokinetic variability, comparisons between Xat dosing strategies and BSA-based dosing have generally shown them to be equivalently ineVective in decreasing inter-individual variability [23] . Since gender did inXuence V2, a gender speciWc, Xat dose could be considered in future clinical trials.
The relationship between toxicity and exposure was further evaluated by assessing grade III-IV myelosuppression and gastrointestinal toxicity. However, nearly universal myelosuppression was observed in both clinical studies, even with lower doses (25-45 mg/m 2 ) of 3-AP used in combination with doxorubicin. In addition, only Wve patients experienced gastrointestinal toxicity, all of which were observed in the study with concurrent irinotecan. Since gastrointestinal toxicity with irinotecan is a wellknown dose limiting toxicity of irinotecan, and no toxicities were noted in the doxorubicin arm, this Wnding suggests 3-AP contributed little to the observed GI toxicity.
When considering grade III-IV hypoxia, only three patients experienced episodes of hypoxia. All of these occurred at the highest dose levels of 3-AP administered in this study of 60-85 mg/m 2 . This is consistent with other trials of 3-AP where G6PD deWcient patients were excluded, methemoglobinemia has still been reported at doses ranging from 96 to 105 mg/m 2 in 5-25% of subjects. A potential explanation for this toxicity may be preferential distribution or accumulation of 3-AP into erythrocytes. Our data is best Wt by a three compartment model, with V2, sampled from the erythrocyte compartment, having a 3-6 fold increased volume when compared to V1, sampled from the plasma compartment. This suggests extensive intracellular distribution of 3-AP in the erythrocyte compartment. We also noted a signiWcantly decreased V2 in female subjects, compared to males. This may have a protective eVect, as all hypoxia episodes occurred in male subjects, even though 50% (8 males, 8 females) of the subjects treated at the highest doses of 3-AP were females.
Conclusion
This paper describes a population pharmacokinetic model for 3-AP in cancer patients enrolled in phase I clinical trials. A three compartment model is the best Wt for the data, and 3-AP appears to accumulate in V2, or the erythrocyte sampled compartment. Reduced CL by an unknown mechanism is associated with receiving less than 2 cycles of chemotherapy, but not individual toxicity. This study suggests that monitoring 3-AP plasma concentrations in the Wrst cycle and dose adjustment in those with decreased clearance may be helpful in decreasing toxicity associated with the 3-AP. Additionally, a gender-speciWc, Xat dosing schedule may be considered in future clinical trials.
